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Electronically Switching Latching Micro-Magnetic Relay 
and Method of Operating Same 

5 

Partial funding for the development of this invention was provided by U.S. 
Government Grant Number Air Force SBIR F29601-99-C-0101, Subcontract No. 
ML99-01 with the United States Air Force; and the United States Government 
may own certain rights to this invention. 

10 

FIELD OF THE INVENTION 

The present invention relates to relays. More specifically, the present 
invention relates to latching micro-magnetic relays with low power consumption and 
15 to methods of formulating and operating micro-magnetic relays. 



BACKGROUND OF THE INVENTION 

Relays are typically electrically controlled two-state devices that open and 
close electrical contacts to effect operation of devices in an electrical circuit. Stated 
20 another way, relays typically function as switches that activate or de-activate portions 
of an electrical, optical or other device. Relays are commonly used in many 
applications including telecommunications, radio frequency (RF) communications, 
portable electronics, consumer and industrial electronics, aerospace, and other 
systems. 

25 Although the earliest relays were mechanical or solid-state devices, recent 

developments in micro-electro-mechanical systems (MEMS) technologies and 
microelectronics manufacturing have made micro-electrostatic and micro-magnetic 
relays possible. Such micro-magnetic relays typically include an electromagnet that 
energizes an armature to make or break an electrical contact. When the magnet is de- 

30 energized, a spring or other mechanical force typically restores the armature to a 
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quiescent position. Such relays typically exhibit a number of marked disadvantages, 
however, in that they generally exhibit only a single stable output (i.e. the quiescent 
state) and they are not latching (i.e. they do not retain a constant output as power is 
removed from the relay). Moreover, the spring required by conventional micro- 
5 magnetic relays may degrade or break over time. 

Another micro-magnetic relay is described in U.S. Patent No. 5,847,63 1 
issued to Taylor et al. on December 8, 1998, the entirety of which is incorporated 
herein by reference. The relay disclosed in this reference includes a permanent 
magnet and an electromagnet for generating a magnetic field that intermittently 

10 opposes the field generated by the permanent magnet. Although this relay purports to 
be bi-stable, the relay requires consumption of power in the electromagnet to maintain 
at least one of the output states. Moreover, the power required to generate the 
opposing field would be significant, thus making the relay unsuitable for use in space, 
portable electronics, and other applications that demand low power consumption. 

1 5 A bi- stable, latching relay that does not require power to hold the states is 

therefore desired. Such a relay should also be reliable, simple in design, low-cost and 
easy to manufacture. 



SUMMARY OF THE INVENTION 

20 According to various embodiments of the invention, a relay is suitably formed 

to exhibit an open state and a closed state. The relay is operated by providing a 
cantilever sensitive to magnetic fields such that the cantilever exhibits a first state 
corresponding to the open state of the relay and a second state corresponding to the 
closed state of the relay. A first magnetic field may be provided to induce a magnetic 

25 torque in the cantilever, and the cantilever may be switched between the first state and 
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the second state with a second magnetic field that may be generated by, for example, 
a conductor formed on a substrate with the relay. 



BRIEF DESCRIPTION OF THE DRAWING FIGURES 

5 The above and other features and advantages of the present invention are 

hereinafter described in the following detailed description of illustrative embodiments 
to be read in conjunction with the accompanying drawing figures, wherein like 
reference numerals are used to identify the same or similar parts in the similar views, 
and: 

10 Figure 1A is a side view of an exemplary embodiment of a latching relay, 

Figure IB is a top view of an exemplary embodiment of a latching relay; 
Figures 2 A-H are side views showing an exemplary technique for 
manufacturing a latching relay; 

Figure 3 A is a side view of a second exemplary embodiment of a latching 

1 5 relay; 

Figure 3B is a top view of a second exemplary embodiment of a latching 

relay; 

Figure 3C is a perspective view of an exemplary cantilever suitable for use 
with the second exemplary embodiment of a latching relay; 
20 Figure 4A is a side view of a third exemplary embodiment of a latching relay; 

Figure 4B is a top view of a third exemplary embodiment of a latching relay; 

Figures 4C and 4D are perspective views of exemplary cantilevers suitable for 
use with the third exemplary embodiment of a latching relay; and 

Figure 5 is a side view of a fourth exemplary embodiment of a latching relay. 

25 
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DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS 

It should be appreciated that the particular implementations shown and 
described herein are examples of the invention and are not intended to otherwise limit 
the scope of the present invention in any way. Indeed, for the sake of brevity, 
5 conventional electronics, manufacturing, MEMS technologies and other functional 

aspects of the systems (and components of the individual operating components of the 
systems) may not be described in detail herein. Furthermore, for purposes of brevity, 
the invention is frequently described herein as pertaining to a micro-electronically- 
machined relay for use in electrical or electronic systems. It should be appreciated 

10 that many other manufacturing techniques could be used to create the relays described 
herein, and that the techniques described herein could be used in mechanical relays, 
optical relays or any other switching device. Further, the techniques would be 
suitable for application in electrical systems, optical systems, consumer electronics, 
industrial electronics, wireless systems, space applications, or any other application. 

15 Moreover, it should be understood that the spatial descriptions made herein are for 
purposes of illustration only, and that practical latching relays may be spatially 
arranged in any orientation or manner. Arrays of these relays can also be formed by 
connecting them in appropriate ways and with appropriate devices. 
A Latching Relay 

20 Figures 1 A and IB show side and top views, respectively, of a latching relay. 

With reference to Figures 1 A and IB, an exemplary latching relay 100 suitably 
includes a magnet 102, a substrate 104, an insulating layer 106 housing a conductor 
1 14, a contact 108 and a cantilever 1 12 positioned above substrate by a staging layer 
110. 
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Magnet 102 is any type of magnet such as a permanent magnet, an 
electromagnet, or any other type of magnet capable of generating a magnetic field H G 
134, as described more fully below. In an exemplary embodiment, magnet 102 is a 
Model 59-P09213T001 magnet available from the Dexter Magnetic Technologies 

5 corporation of Fremont, California, although of course other types of magnets could 
be used. Magnetic field 134 may be generated in any manner and with any 
magnitude, such as from about 1 Oersted to 10 4 Oersted or more. In the exemplary 
embodiment shown in Figure 1, magnetic field H 0 134 may be generated 
approximately parallel to the Z axis and with a magnitude on the order of about 370 

10 Oersted, although other embodiments will use varying orientations and magnitudes 
for magnetic field 134. In various embodiments, a single magnet 102 may be used in 
conjunction with a number of relays 100 sharing a common substrate 104. 

Substrate 104 is formed of any type of substrate material such as silicon, 
gallium arsenide, glass, plastic, metal or any other substrate material. In various 

1 5 embodiments, substrate 1 04 may be coated with an insulating material (such as an 
oxide) and planarized or otherwise made flat. In various embodiments, a number of 
latching relays 100 may share a single substrate 104. Alternatively, other devices 
(such as transistors, diodes, or other electronic devices) could be formed upon 
substrate 104 along with one or more relays 100 using, for example, conventional 

20 integrated circuit manufacturing techniques. Alternatively, magnet 102 could be used 
as a substrate and the additional components discussed below could be formed 
directly on magnet 102. In such embodiments, a separate substrate 104 may not be 
required. 

Insulating layer 1 06 is formed of any material such as oxide or another 
25 insulator. In an exemplary embodiment, insulating layer is formed of Probimide 
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7510 material. Insulating layer 106 suitably houses conductor 1 14. Conductor 1 14 is 
shown in Figures 1 A and IB to be a single conductor having two ends 126 and 128 
arranged in a coil pattern. Alternate embodiments of conductor 1 14 use single or 
multiple conducting segments arranged in any suitable pattern such as a meander 
5 pattern, a serpentine pattern, a random pattern, or any other pattern. Conductor 1 14 is 
formed of any material capable of conducting electricity such as gold, silver, copper, 
aluminum, metal or the like. As conductor 1 14 conducts electricity, a magnetic field 
is generated around conductor 1 14 as discussed more fully below. 

Cantilever 112 is any armature, extension, outcropping or member that is 

10 capable of being affected by magnetic force. In the embodiment shown in Figure 1 A, 
cantilever 1 12 suitably includes a magnetic layer 118 and a conducting layer 120. 
Magnetic layer 118 may be formulated of permalloy (such as NiFe alloy ) or any 
other magnetically sensitive material. Conducting layer 120 may be formulated of 
gold, silver, copper, aluminum, metal or any other conducting material. In various 

15 embodiments, cantilever 1 12 exhibits two states corresponding to whether relay 100 is 
"open" or "closed", as described more fully below. In many embodiments, relay 100 
is said to be "closed" when a conducting layer 120 connects staging layer 1 10 to 
contact 108. Conversely, the relay may be said to be "open" when cantilever 1 12 is 
not in electrical contact with contact 108. Because cantilever 1 12 may physically 

20 move in and out of contact with contact 108, various embodiments of cantilever 1 12 
will be made flexible so that cantilever 1 12 can bend as appropriate. Flexibility may 
be created by varying the thickness of the cantilever (or its various component layers), 
by patterning or otherwise making holes or cuts in the cantilever, or by using 
increasingly flexible materials. Alternatively, cantilever 112 can be made into a 

25 "hinged" arrangement such as that described below in conjunction with Figure 3. 
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Although of course the dimensions of cantilever 112 may vary dramatically from 
implementation to implementation, an exemplary cantilever 112 suitable for use in a 
micro-magnetic relay 100 may be on the order of 10-1000 microns in length, 1-40 
microns in thickness, and 2-600 microns in width. For example, an exemplary 
5 cantilever in accordance with the embodiment shown in Figure 1 may have 

dimensions of about 600 microns x 10 microns x 50 microns, or 1000 microns x 600 
microns x 25 microns, or any other suitable dimensions. 

Contact 108 and staging layer 110 are placed on insulating layer 106, as 
appropriate. In various embodiments, staging layer 1 10 supports cantilever 1 12 above 

10 insulating layer 106, creating a gap 1 16 that may be vacuum or may become filled 
with air or another gas or liquid such as oil. Although the size of gap 1 16 varies 
widely with different implementations, an exemplary gap 1 1 6 may be on the order of 
1-100 microns, such as about 20 microns. Contact 108 may receive cantilever 1 12 
when relay 100 is in a closed state, as described below. Contact 108 and staging layer 

15 110 may be formed of any conducting material such as gold, gold alloy, silver, 
copper, aluminum, metal or the like. In various embodiments, contact 108 and 
staging layer 1 10 are formed of similar conducting materials, and the relay is 
considered to be "closed" when cantilever 1 12 completes a circuit between staging 
layer 110 and contact 108. Other embodiments use different formulations for contact 

20 108 and staging layer 1 10, such as those discussed below in conjunction with Figures 
3 and 4. In certain embodiments wherein cantilever 112 does not conduct electricity, 
staging layer 110 may be formulated of non-conducting material such as Probimide 
material, oxide, or any other material. Additionally, alternate embodiments may not 
require staging layer 1 10 if cantilever 1 12 is otherwise supported above insulating 

25 layer 106. 
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Principle of Operation 

In a broad aspect of the invention, magnet 102 generates a magnetic field H 0 
126 that induces a magnetization (m) in cantilever 112. The magnetization suitably 
creates a torque on cantilever 1 12 that forces cantilever 112 toward contact 108 or 

5 away from contact 108, depending upon the direction of the magnetization, thus 
placing relay 100 into an open or closed state. The direction of magnetization in 
cantilever 112 may be adjusted by a second magnetic field generated by conductor 
1 14 as appropriate, and as described more fully below. 

With continued reference to Figures 1A and IB, magnetic field H G 134 may be 

10 applied by magnet 102 primarily in the direction parallel to the Z-axis such that the 
field is perpendicular to the primary dimension (e.g. the length) of cantilever 1 12. 
Magnetic field 134 suitably induces a magnetization in cantilever 1 12, which may be 
made of soft magnetic material. Because of the geometry of cantilever 1 12, the 
magnetization in cantilever 1 12 suitably aligns along the long axis of the cantilever, 

1 5 which is the length of cantilever 112 (parallel to the X-axis) in Figure 1 . 

The orientation of the magnetization in cantilever 1 12 is suitably dependent 
upon the angle (alpha) between the applied magnetic field 134 and the long axis of 
cantilever 1 12. Specifically, when the angle (alpha) is less than 90 degrees, the 
magnetic moment (m) in cantilever 1 12 points from end 130 of cantilever 112 toward 

20 end 132. The interaction between the magnetic moment and magnetic field H 0 134 
thus creates a torque in a counter-clockwise direction about end 130 of cantilever 112 
that moves end 132 upward, as appropriate, thus opening the circuit between staging 
layer 1 10 and contact 108. Conversely, when the angle (alpha) is greater than 90 
degrees, the magnetic moment (m) in cantilever 1 12 points from end 132 toward end 

25 130, creating a clockwise torque about end 130. The clockwise torque moves end 132 
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downward to complete the circuit between staging layer 110 and contact 108. . 
Because the magnetization (m) of cantilever 1 12 does not change unless the angle 
(alpha) between the long axis of cantilever 112 and the applied magnetic field 134 
changes, the applied torque will remain until an external perturbation is applied. 
5 Elastic torque of the cantilever or a stopper (such as the contact) balances the applied 
magnetic torque, and thus relay 100 exhibits two stable states corresponding to the 
upward and downward positions of cantilever 1 12 (and therefore to the open and 
closed states, respectively, of relay 100). 

Switching is accomplished by any suitable switching technique. In an 

10 exemplary embodiment, switching is accomplished by generating a second magnetic 
field that has a component along the long axis of cantilever 1 12 that is strong enough 
to affect the magnetization (m) of cantilever 112. In the embodiment shown in Figure 
1, the relevant component of the second magnetic field is the component of the field 
along the X-axis. Because the strength of the second magnetic field along the long 

15 axis of cantilever 1 12 is of primary concern, the overall magnitude of the second 

magnetic field is typically significantly less than the magnitude of magnetic field 134 
(although of course fields of any strength could be used in various embodiments). An 
exemplary second magnetic field may be on the order of 20 Oersted, although of 
course stronger or weaker fields could be used in other embodiments. 

20 The second magnetic field may be generated through, for example, a magnet 

such as an electronically-controlled electromagnet. Alternatively, the second 
magnetic field may be generated by passing a current through conductor 114. As 
current passes through conductor 1 14, a magnetic field is produced in accordance 
with a "right-hand rule". For example, a current flowing from point 126 to point 128 

25 on conductor 1 14 (Figure IB) typically generates a magnetic field "into" the center of 
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the coil shown, corresponding to field arrows 122 in Figure 1A. Conversely, a current 
flowing from point 128 to point 126 in Figure 1 generates a magnetic field flowing 
"out" of the center of the coil shown, corresponding to dashed field arrows 124 in 
Figure 1A. The magnetic field may loop around the conductor 1 14 in a manner 
shown also in Figure 1 A, imposing a horizontal (X) component of the magnetic field 
on the cantilever 112. 

By varying the direction of the current or current pulse flowing in conductor 
114, then, the direction of the second magnetic field can be altered as desired. By 
altering the direction of the second magnetic field, the magnetization of cantilever 1 12 
may be affected and relay 100 may be suitably switched open or closed. When the 
second magnetic field is in the direction of field arrows 122, for example, the 
magnetization of cantilever 1 12 will point toward end 130. This magnetization 
creates a clockwise torque about end 130 that places cantilever 1 12 in a "down" state 
that suitably closes relay 100. Conversely, when the second magnetic field is in the 
direction of dashed field arrows 124, the magnetization of cantilever 1 12 points 
toward end 132, and a counter-clockwise torque is produced that places cantilever 112 
in an "up" state that suitably opens relay 100. Hence, the "up" or "down" state of 
cantilever 112 (and hence the "open" or "closed" state of relay 100) may be adjusted 
by controlling the current flowing through conductor 1 14. Further, since the 
magnetization of cantilever 112 remains constant without external perturbation, the 
second magnetic field may be applied in "pulses" or otherwise intermittently as 
required to switch the relay. When the relay does not require a change of state, power 
to conductor 114 may be eliminated, thus creating a bi-stable latching relay 100 
without power consumption in quiescent states. Such a relay is well suited for 
applications in space, aeronautics, portable electronics, and the like. 

-10- 
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Manufacturing a Latching Relay 

Figure 2 includes a number of side views showing an exemplary technique for 
manufacturing a latching relay 100. It will be understood that the process disclosed 
herein is provided solely as an example of one of the many techniques that could be 

5 used to formulate a latching relay 100. 

An exemplary fabrication process suitably begins by providing a substrate 
102, which may require an optional insulating layer. As discussed above, any 
substrate material could be used to create a latching relay 100, so the insulating layer 
will not be necessary if, for example, an insulating substrate is used. In embodiments 

10 that include an insulating layer, the layer may be a layer of silicon dioxide (Si0 2 ) or 
other insulating material that may be on the order of 1000 angstroms in thickness. 
Again, the material chosen for the insulating material and the thickness of the layer 
may vary according to the particular implementation. 

With reference to Figure 2A, conductor 1 14 is suitably formed on substrate 

15 104. Conductor 1 14 may be formed by any technique such as deposition (such as e- 
beam deposition), evaporation, electroplating or electroless plating, or the like. In 
various embodiments, conductor 1 14 is formed in a coil pattern similar to that shown 
in Figure 1. Alternatively, conductor 1 14 is formed in a line, serpentine, circular, 
meander, random or other pattern. An insulating layer 106 may be spun or otherwise 

20 applied to substrate 104 and conductor 1 14 as shown in Figure 2B. Insulating layer 
106 may be applied as a layer of photoresist, silicon dioxide, Probimide-7510 
material, or any other insulating material that is capable of electrically isolating the 
top devices. In various embodiments, the surface of the insulating material is 
planarized through any technique such as chemical-mechanical planarization (CMP). 
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Contact pads 108 and 1 10 may be formed on insulating layer 106 through any 
technique such as photolithography, etching, or the like (Figure 2C). Pads 108 and 
1 10 may be formed by depositing one or more layers of conductive material on 
insulating layer 106 and then patterning the pads by wet etching, for example. In an 
5 exemplary embodiment, pads 108 and 110 suitably include a first layer of chromium 
(to improve adhesion to insulating layer 106) and a second layer of gold, silver, 
copper, aluminum, or another conducting material. Additional metal layers may be 
added to the contacts by electroplating or electroless plating methods to improve the 
contact reliability and lower the resistance. 

10 With reference to Figure 2D, the contact pads 108 and 1 10 may be suitably 

covered with a layer of photoresist, aluminum, copper, or other material to form 
sacrificial layer 202. An opening 206 in sacrificial layer 202 over the cantilever base 
areas may be defined by photolithography, etching, or another process. Cantilever 
112 may then be formed by depositing, sputtering or otherwise placing one or more 

1 5 layers of material on top of sacrificial layer 202 and extending over the opening 206, 
as shown in Figure 2E. In an exemplary embodiment, a base layer 204 of chromium 
or another metal may be placed on sacrificial layer 202 to improve adhesion, and one 
or more conducting layers 120 may be formed as well. Layers 204 and 120 may be 
formed by, for example, deposition followed by chemical or mechanical etching. 

20 Layer 120 may be thickened by adding another conductor layer (such as gold, gold 
alloy, etc.) by electroplating or electroless plating methods. Cantilever 1 12 is further 
formed by electroplating or otherwise placing a layer 1 18 of permalloy (such as NiFe 
permalloy) on top of conducting layer 120, as shown in Figure 2F. The thickness of 
the permalloy layer 1 1 8 may be controlled by varying the plating current and time of 

25 electroplating. Electroplating at 0.02 amperes per square centimeters for a period of 
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60 minutes, for example, may result in an exemplary permalloy layer thickness of 
about 20 microns. In various embodiments, an additional permalloy layer 306 (shown 
in Figure 3) may be electroplated on top of cantilever 1 12 to increase the 
responsiveness of cantilever 1 12 to magnetic fields. 
5 With reference to Figure 2G, sacrificial layer 202 may be removed by, for 

example, wet or dry (i.e. oxygen plasma) releasing to create gap 116 between 
cantilever 112 and insulating layer 106. In various embodiments, adhesion layer 204 
is suitably removed with micro-mechanical etching or another technique to form relay 
100 (Figure 2H). Relay 100 may then be diced, packaged with magnet 102 (shown in 

10 Figure 1), or otherwise processed as appropriate. It should be understood that the 

permanent magnet 102 can also be fabricated directly on the substrate, placed on top 
of the cantilever, or the coil and the cantilever can be fabricated directly on a 
permanent magnet substrate. 
Alternate Embodiments of Latching Relays 

15 Figures 3 and 4 disclose alternate embodiments of latching relays 100. 

Figures 3 A and 3B show side and top views, respectively, of an alternate embodiment 
of a latching relay that includes a hinged cantilever 112. The perspective of Figures 
3 A and 3B is rotated 90 degrees in the X-Y plane from the perspective shown in 
Figures 1 A and IB to better show the detail of the hinged cantilever. With reference 

20 to Figures 3 A and 3B, a hinged cantilever 1 12 suitably includes one or more strings 
302 and 304 that support a magnetically sensitive member 306 above insulating layer 
106. Member 306 may be relatively thick (on the order of about 50 microns) 
compared to strings 302 and 304, which may be formed of conductive material. As 
with the relays 100 discussed above in conjunction with Figure 1, relays 100 with 

25 hinged cantilevers may be responsive to magnetic fields such as those generated by 
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magnet 102 and conductor 114. In various embodiments, one or both of strings 302 
and 304 are in electrical communication with contact pad 108 when the relay is in a 
"closed" state. Of course, any number of strings could be used. For example, a single 
string could be formulated to support the entire weight of member 306. Additionally, 
the strings may be located at any point on member 306. Although Figure 3 shows 
strings 302 and 304 near the center of member 306, the strings could be located near 
the end of member 306 toward contact 108 to increase the torque produced by magnet 
102, for example. 

Figure 3C is a perspective view of an exemplary cantilever 112 suitable for 
use with the embodiments shown in Figures 3 A and 3B. Cantilever 1 12 suitably 
includes member 306 coupled to conducting layer 120. Holes 310 and/or 312 may be 
formed in conducting layer 120 to improve flexibility of cantilever 1 12, and optional 
contact bumps 308 may be formed on the surface of conducting layer 120 to come 
into contact with contact 108. Strings 302 and 304 (not shown in Figure 3C) may be 
affixed or otherwise formed on cantilever 1 12 at any position (such as in the center of 
conducting layer 120 or at either end of conducting layer 120) as appropriate. 
Alternatively, the strings may be formed of non-conducting materials and cantilever 
112 may provide a conducting path between two separate conductors touched 
simultaneously by the cantilever in the closed state, as discussed below. 

Figures 4A and 4B are side and top views, respectively, of an alternate 
embodiment of a latching relay 100. As shown in the Figure, various embodiments of 
cantilever 112 may not directly conduct electricity from staging layer 1 10 to contact 
108. In such embodiments, a conducting element 402 may be attached to cantilever 
1 12 to suitably provide electrical contact between contacts 108 and 408 when relay 
100 is in a "closed" state. Figures 4C and 4D are perspective views of alternate 

- 14- 
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exemplary embodiments of cantilever 1 12. In such embodiments, cantilever 112 may 
include a magnetically sensitive portion 1 18 separated from a conducting portion 402 
by an insulating layer 410, which may be a dielectric insulator, for example. Optional 
contact bumps 308 may also be formed on conducting portion 402 as shown. When 
5 cantilever 1 12 is in a state corresponding to the "closed" state of relay 100, current 
may follow the path shown by arrows 412 between contact pads 108 and 408, as 
appropriate. 

Figure 5 is a side view of an alternate exemplary embodiment of relay 100. 
With reference to Figure 5, a relay 100 may include a magnet 102, a substrate 104 and 

10 a cantilever 1 12 as described above (for example in conjunction with Figure 1). In 
place of (or in addition to) conductor 1 14 formed on substrate 104, however, 
conductor 1 14 may be formed on a second substrate 504, as shown. Second substrate 
504 may be any type of substrate such as plastic, glass, silicon, or the like. As with 
the embodiments described above, conductor 114 may be coated with an insulating 

15 layer 506, as appropriate. To create a relay 100, the various components may be 
formed on substrates 104 and 504, and then the substrates may be aligned and 
positioned as appropriate. The two substrates 104 and 504 (and the various 
components formed thereon) may be separated from each other by spacers such as 
spacers 510 and 512 in Figure 5, which may be formed of any material. 

20 With continued reference to Figure 5, contact 108 may be formed on 

insulating layer 106, as described above. Alternatively, contact 508 may be formed 
on second substrate 504, as shown in Figure 5 (of course cantilever 1 12 may be 
reformulated such that a conducting portion of cantilever 1 12 comes into contact with 
contact 508). In other embodiments, contacts 108 and 508 may both be provided such 

25 that relay 100 is in a first state when cantilever 1 12 is in contact with contact 108, a 
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second state when cantilever 1 12 is in contact with contact 508, and/or a third state 
when cantilever 1 12 is in contact with neither contact 108 nor contact 508. Of course 
the general layout of relay 100 shown in Figure 5 could be combined with any of the 
techniques and layouts described above to create new embodiments of relay 100. 

It will be understood that many other embodiments could be formulated 
without departing from the scope of the invention. For example, a double-throw relay 
could be created by adding an additional contact 108 that comes into contact with 
cantilever 1 12 when the cantilever is in its open state. Similarly, various topographies 
and geometries of relay 100 could be formulated by varying the layout of the various 
components (such as pads 108 and 1 10 and cantilever 1 12). 

The corresponding structures, materials, acts and equivalents of all elements in 
the claims below are intended to include any structure, material or acts for performing 
the functions in combination with other claimed elements as specifically claimed. 
Moreover, the steps recited in any method claims may be executed in any order. The 
scope of the invention should be determined by the appended claims and their legal 
equivalents, rather than by the examples given above. 
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CLAIMS 

1 . A method of operating a relay having an open state and a closed state, said 
method comprising the steps of: 

providing a hinged cantilever sensitive to magnetic fields, said 

cantilever having a first state corresponding to said open state 
of said relay and a second state corresponding to said closed 
state of said relay; 

providing a first magnetic field to induce an magnetic torque in said 
cantilever; and 

switching said cantilever between said first state and said second state 
with a second magnetic field. 

2. The method of claim 1 wherein said switching step comprises the step of 
realigning the magnetization of said cantilever with said second magnetic field 
to adjust the direction of said magnetic torque. 

3. The method of claim 2 further comprising the step of generating said second 
magnetic field by passing a current through a conductor. 

4. The method of claim 3 wherein the direction of said second magnetic field is a 
function of the direction of said current. 

5. The method of claim 4 wherein said second magnetic field places said relay 
into said open state when said current flows in a first direction. 
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6. The method of claim 5 wherein said second magnetic field places said relay 
into said closed state when said current flows in a second direction. 



7. The method of claim 6 wherein said cantilever is maintained in said first 
position and said second position by said first magnetic field. 

8. The method of claim 1 wherein said cantilever is maintained in said first 
position and said second position by said first magnetic field. 

9. A relay having an open state and a closed state, the relay comprising: 

a hinged cantilever having first and second states corresponding to said 
open and closed states of said relay, respectively; 

a magnet configured to provide a first magnetic field such that said 

first magnetic field maintains said cantilever in one of said first 
and second states; and 

a conductor configured to provide a second magnetic field as a 

function of a current flowing through said conductor such that 
said second magnetic field switches said cantilever between 
said first and second states. 

10. The relay of claim 9 wherein said second magnetic field induces a torque in 
said cantilever such that said cantilever is placed in a first state when said 
current flows in a first direction through said conductor. 
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11. The relay of claim 9 wherein said cantilever is placed in a first state when said 
current flows in a first direction through said conductor. 



12. The relay of claim 1 1 wherein said cantilever is placed in a second state when 
said current flows in a second direction through said conductor. 

13. The relay of claim 9 wherein said conductor and said cantilever are formed on 
a substrate. 

14. The relay of claim 13 wherein said magnet is provided proximate to said 
substrate. 

15. The relay of claim 9 wherein said conductor is formed on a first substrate and 
said cantilever is formed on a second substrate, wherein said first and second 
substrates are positioned proximate to each other such that said second 
magnetic field induces a torque in said cantilever. 

16. The relay of claim 9 wherein said second magnetic field comprises a first 
component parallel to said first magnetic field and a second component 
perpendicular to said magnetic field. 

17. The relay of claim 16 wherein said second component of said second magnetic 
field affects the orientation of magnetization in said cantilever to switch said 
cantilever between said first and second states. 
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18. A method of formulating a relay on a substrate, said relay having open and 
closed states, the method comprising the steps of: 

forming a conductor on said substrate; 

coating said conductor and said substrate with an insulating material; 
forming at least one contact; 

providing a hinged cantilever responsive to a magnetic field in 

switchable communication with said contact, said relay being 
in said closed state when said cantilever is in electrical 
communication with said contact, wherein said cantilever is 
configured to respond to a magnetic field and wherein said 
cantilever is configured to be switched between said open and 
closed states of said relay, respectively, by a second magnetic 
field produced by a current flowing in said conductor. 

19. The method of claim 18 wherein said second magnetic field induces a torque 
in said cantilever such that said cantilever is placed in a first state when said 
current flows in a first direction through said conductor. 

20. A relay produced by the method of claim 18. 

21. A relay produced by the method of claim 19. 

22. The method of claim 18 wherein said cantilever is formed on a second 
substrate proximate to said substrate. 
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23. The method of claim 22 wherein said contact is formed on said second 
substrate. 



24. A relay produced by the method of claim 22. 

25 . A relay produced by the method of claim 23 . 

26. The method of claim 19 wherein said conductor is formed on said insulating 
material. 

27. The method of claim 19 wherein said cantilever is formed on a second 
substrate proximate to said substrate. 

28. The method of claim 27 wherein said contact is formed on said second 
substrate. 

29. A relay produced by the method of claim 26. 

30. A relay produced by the method of claim 27. 



-21 - 



WO 01/57899 



PCT/US01/02722 




FIG. 1A 



Y 

A 





J|| 

ffizzzzzzzzzzzft//. v. 2 



2ZZZZZZZZZZZZZZZZZZZ2ZA 



ZZZZZZZZZZZZZZZZZZZZZZZZZA 




FIG. 1B 



SUBSTITUTE SHEET (RULE 26) 



WO 01/57899 



PCT/US01/02722 



2/8 



114 



114 

^ rra 17^ nn rr\ m tth vt\ iy? xt~a 



. (72 m \7i\ (77 wa rr\ rr\ rra vt\ w~\ rr\ n~\ vta vt\ h*2 vta m m ^ 



x 



104 



FIG. 2A 



106 



104 ^114 ^ 114 

FIG. 2B 



110 



104 ^114 



110 



FIG. 2C 



202 




206 



202 



104 ^114 



FIG. 2D 



108 



108 



106 



SUBSTITUTE SHEET (RULE 26) 



WO 01/57899 



PCT/US01/02722 



3/8 



120 ^ 204 



r 



108 



104 



114 



FIG. 2E 



106 




118 



120 




204 



108 



104 



114 



FIG. 2F 



106 




^ 104 2M 



32 



FIG. 2G 



118 120 116 



118 



f 110 



100 




104 



120 



2 



FIG.2H 




108 



106 



116 



108 



106 



114 



SUBSTITUTE SHEET (RULE 26) 



WO 01/57899 



PCT/US01/02722 




FIG. 3A 




FIG. 3B 



SUBSTITUTE SHEET (RULE 26) 



WO 01/57899 



PCT/US01/02722 



5/8 




FIG. 3C 



SUBSTITUTE SHEET (RULE 26) 



WO 01/57899 



PCT/US01/02722 




FIG.4B 

SUBSTITUTE SHEET (RULE 26) 



WO 01/57899 



PCT/US01/02722 




FIG.4D 

SUBSTITUTE SHEET (RULE 26) 



WO 01/57899 



PCT/US01/02722 



8/8 




SUBSTITUTE SHEET (RULE 26) 



INTERNATIONAL SEARCH REPORT 



Int. tional Application No 

PCT/US 01/02722 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC 7 H01H50/00 



According to International Patent Classificaiion (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 7 H01H 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practical, search terms used) 

PAJ, EPO-Internal , UP I Data 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category ° Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



EP 0 780 858 A (SUISSE ELECTRONIQUE 
MICROTECH) 25 June 1997 (1997-06-25) 
the whole document 



US 5 475 353 A (GHEZZO MARIO ET AL) 
12 December 1995 (1995-12-12) 
the whole document 



1,9,18 

2-8, 

10-17, 

19-30 

1,9,18 

2-8, 

10-17, 

19-30 



-/-- 



LH 



Further documents are listed in the continuation of box C. 



0 



Patent family members are listed in annex. 



5 Special categories of cited documents : 

"A* document defining the general state of the art which is not 

considered to be of particular relevance 
■E" earlier document but published on or after the international 

filing date 

"L" document which may throw doubts on priority claim(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

"O" document referring to an oral disclosure, use. exhibition or 
other means 

■P' document published prior to the international filing date but 
later than the priority date claimed 



T" later document published after the international filing date 
or pnority date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

•X* document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

"Y" document of particular relevance; the claimed invention 

cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 

'&' document member of the same patent family 



Date of the actual completion of the international search 



22 May 2001 



Date of mailing of the international search report 



05/06/2001 



Name and mailing address of the ISA 

European Patent Office, P.B. 5818 Patentlaan 2 
NL-2280 HVRijswijk 
Tel. (+31-70) 340-2040, Tx. 31 651 epo nl. 
Fax: (+31-70) 340-3016 



Authorized officer 



Desmet, W 



Form PCT/ISA/210 (second sheet) (July 1992) 



oaqe 1 of 2 



1 





INTERNATIONAL SEARCH REPORT 


Inte. ional Application No 

PCT/US 01/02722 


C.(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT 


Category ° 


Citation ot document, with indication, where appropriate, ot the relevant passages 


Relevant to claim No. 


X 
Y 


WO 98 34269 A (CALIFORNIA INST OF TECHN) 
6 August 1998 (1998-08-06) 
abstract; figures 

page 3, paragraph 2 

page 3, line 26 -page 4, line 3 

page 14, paragraph 1 




1,9,18 

2-8, 

10-17, 

19-30 


X 
v 

1 


PATENT ABSTRACTS OF JAPAN 
vol. 018, no. 641 (E-1639), 
6 December 1994 (1994-12-06) 
& OP 06 251684 A (SHARP CORP), 
9 September 1994 (1994-09-09) 
abstract 




1,9,18 

2-8, 

10-17, 

19-30 


X 
Y 


DE 198 20 821 C (INST MIKR0TECHNIK MAINZ 
GMBH) 16 December 1999 (1999-12-16) 
the whole document 




1,9,18 

2-8, 

10-17, 

19-30 


Y 


EP 0 869 519 A (SUISSE ELECTRONIQUE 
MICROTECH) 7 October 1998 (1998-10-07) 
the whole document 




1-30 


Y 


WO 97 39468 A (GEORGIA TECH RES INST) 

23 October 1997 (1997-10-23) 

cited in the application 

abstract; figures 

page 4, line 20 - line 25 

page 19, line 20 -page 20 




1-30 


Y 


W0 99 27548 A (DIEM HANS ; J0HLER WERNER 
(CH); KAELIN WERNER (CH); K0RR0DI URS (CH) 
3 June 1999 (1999-06-03) 
the whole document 




1-30 


A 


US 4 570 139 A (KR0LL JOHN W) 
11 February 1986 (1986-02-11) 







Form FCT/iSA/210 (continuation ot second sheet) (July 1992) 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 

Information on patent family members 



Intt Jonal Application No 

PCT/US 01/02722 



Patent document 
cited in search report 


Publication 
1 date 


Patent family 
member(s) 


^UUilUcUlUI 1 

date 


EP 0780858 A 


25-06-1997 


FR 


2742917 


A 


27-06-1997 






DE 


69606760 


D 


30-03-2000 






DE 


69606760 


T 


12-10-2000 






JP 


9198983 


A 


31-07-1997 






US 


5889452 


A 


30-03-1999 



US 


5475353 


A 


12- 


-12- 


-1995 


NONE 








wo 


9834269 


A 


06- 


-08- 


-1998 


EP 


0968530 


A 


05-01-2000 


JP 


06251684 


A 


09- 


-09- 


-1994 


NONE 








DE 


19820821 


C 


16- 


-12- 


-1999 


NONE 








EP 


0869519 


A 


07- 


-10- 


-1998 


FR 

US 


2761518 
6084281 


A 
A 


02-10-1998 
04-07-2000 


WO 


9739468 


A 


23- 


-10- 


-1997 


US 
CA 
EP 


5847631 
2251585 
0892981 


A 
A 
A 


08-12-1998 
23-10-1997 
27-01-1999 



JP 2000508822 T 11-07-2000 



W0 9927548 A 03-06-1999 AU 9733298 A 15-06-1999 

EP 1032941 A 06-09-2000 



US 4570139 A 11-02-1986 NONE 



Form PCT/lSA/210 (patent family annex) (July 1992) 



